The specificity determinants for susceptibility to resistance by the Fv1 n and b alleles map to amino acid 110 of the murine leukemia virus CA protein. To study the interaction between Fv1 and CA, we examined changes in CA resulting in the loss of susceptibility to Fv1 resistance in naturally occurring NB-and NR-tropic viruses. A variety of amino acid changes affecting Fv1 tropism were identified, at CA positions 82, 92 to 95, 105, 114, and 117, and they all were mapped to the apparent exterior of virion-associated CA. These amino acids may form a binding surface for Fv1.
, originally described for NIH Swiss mice, is able to block the replication of B-tropic MLV while allowing the replication of N-tropic virus, and Fv1 b , found in BALB/c mice, does the reverse. A further subclass of MLV replicates equally well in mice carrying either allele. Such viruses are called NB tropic. A third allele of Fv1, Fv1 nr , found in a few inbred strains of mice and apparently also in some wild mice, restricts B-tropic MLV and some, but not all, N-tropic viruses (28, 48) . In this paper, we will refer to N-tropic viruses that are not restricted by Fv1 nr as being NR tropic.
Fv1 acts in a cell-autonomous manner to restrict virus replication (44) , but the precise mechanism for restriction is unclear. It has been shown that viral replication is blocked at a stage after virus entry into the cell and before the integration of newly synthesized viral DNA into the host genome (22, 41) . The block to infection is not absolute in vitro, but the number of infected cells is reduced by a factor of 50 to 1,000 (17) . When expressed at natural levels, e.g., in mouse fibroblast lines, neither Fv1 n nor Fv1 b shows significant in vitro restriction of NB-tropic MLV.
Genetic studies initially suggested that the target for Fv1 restriction is the MLV capsid (CA) protein (20, 43) . Subsequent studies indicated that viral tropism is determined by a pair of adjacent amino acids, at positions 109 and 110, in CA (10, 40) . A more recent study has shown that position 110 is the most important residue for N and B tropism (29) . N-tropic MLV has an Arg residue at this position, and B-tropic MLV has a Glu residue. The determinants for NB and NR tropism have not been fully characterized.
The Fv1 gene was cloned a few years ago (3) and was found to have sequence similarity to a family of endogenous retroviruses called HERV-L (60% identity over 1.3 kb) or MuERV-L (1, 3) . Based on its position within the element and the presence of a major homology region (3), Fv1 apparently encodes a Gag-related protein. Gag proteins bind tightly to each other via interaction domains during virus assembly (35) , which suggests a possible mechanism for Fv1's action on MLV CA (16) . To date, however, there is no direct evidence for the binding of Fv1 to CA. Biochemical analyses are greatly complicated by the extremely low natural expression levels of Fv1 in vivo. We have therefore taken a genetic approach to analyzing the viral determinants of NB and NR tropism, using a rapid fluorescence-activated cell sorting (FACS)-based approach for Fv1 testing (5) , in an attempt to delineate the region(s) of CA that interacts with Fv1.
MATERIALS AND METHODS

Cells and viruses.
Mus dunni, NIH 3T3, BALB-3T3, and HEK-293T cells were cultivated in Dulbecco's modified Eagle medium containing 10% fetal calf serum and antibiotics. Viruses were generated by simultaneous CaPO 4 -mediated transient transfections of 293T cells with three plasmids providing vector, gag-pol, and env functions (4, 5) . Virus-containing supernatants were filtered, frozen in aliquots at Ϫ70°C, and titrated on Fv1-null M. dunni cells.
Fv1 assay. Transduction assays for Fv1 function were performed as previously described (4, 5) . M. dunni cells were first transduced with the Fv1 gene via a delivery virus and then were infected with a virus carrying the CA gene to be examined (the tester virus), and in both cases sufficient virus was added to infect 35 to 40% of the cells. The effect of Fv1 was then assessed by two-color FACS analysis. Alternatively, analyses were performed on NIH 3T3 and BALB-3T3 cells with just the tester virus.
Recombinant DNA. All recombinant DNA work was done by established techniques (45) . Plasmids encoding infectious molecular clones from Gross passage A (pGN104) (6) and Friend murine leukemia virus (F-MLV) clone 57 (39) were provided by L. Boone and R. Friedrich, respectively. Delivery plasmids encoding Fv1 n (pLFv1nIEG) and Fv1 b (pLFv1bIEG) have been described previously (5) . An analogous construct encoding Fv1 nr (pLFv1nrIEG) was prepared from pLFv1nIEG by changing the Ser at Fv1 residue 352 to Phe. Gag-Pol expression plasmids for N-tropic AKV (endogenous ecotropic MLV from AKR mice) (pCIG3N), B-tropic AKV (pCIG3B), and NB-tropic Moloney MLV (Mo-MLV) (pHIT60) have been described previously (5) . A similar plasmid for NB-tropic F-MLV (pczFLV57gp) was prepared as follows. An 8.4-kb gel-purified EcoRI fragment from pF-MuLV57 containing a permuted copy of F-MLV was ligated by the use of T4 DNA ligase (NEB). The resulting product was ethanol precipitated and used as a template for a PCR with the Expand long template PCR system (Roche) and primers MB21 5Ј-GGCCGCGGCCGCTGA AAACATGGGCCAGAC-3Ј and MB22 5Ј-GGCCGCGGCCGCGGGGATTA GGAGGTCCCGC-3Ј (NotI sites are underlined) according to the supplier's instructions. The NotI-digested PCR product (5,420 bp) was cloned into the NotI site of pcDNA3.1/zeo(ϩ) (Invitrogen), yielding a cytomegalovirus immediate early promoter-driven gag-pol expression construct. Site-directed mutagenesis was performed with a QuikChange site-directed mutagenesis kit (Stratagene). Sequences of the oligonucleotide primers used are available upon request. The structure of each prepared plasmid was verified by restriction mapping and/or sequencing prior to use. All DNA preparations were purified on Qiagen columns prior to transfection. CA mutations in these plasmids are Fv1 sequencing. High-molecular-weight DNA was prepared from the spleen of a 129SvEv mouse obtained from the Biological Services division of the National Institute for Medical Research. Genomic DNAs from NZB/B1NJ, NZW/LacJ, and RF/J mice were purchased from The Jackson Laboratory (Bar Harbor, Maine). The Fv1 open reading frame was PCR amplified with primers GT16 (5ЈCAA AAA GAT CTA GAT GAA TTT CCC ACG TGC G3Ј) and GT17 (5ЈTGG ATA GTC GAC ATC TAT ACT ATC TTG GTG AG3Ј), which lie at the 5Ј and 3Ј ends of Fv1, respectively, subcloned into M13mp18 at the BglII and Sal sites present in the primers, and sequenced. Thirty-five-cycle PCRs of 25 l contained 10 mM Tris-HCl (pH 8.3), 50 mM KCl, a 10 mM concentration of each deoxynucleoside triphosphate, 10 pmol of each primer, 2 mM MgCl 2 , 100 ng of template DNA, 1.25 U of Taq DNA polymerase, and 0.09 U of Pfu DNA polymerase. PCRs were carried out in a PTC-100 thermal cycler under the following conditions: denaturation at 96°C for 1 min, annealing at 58°C for 1 min, and extension at 72°C for 2 min.
DNA sequence accession numbers. The sequence of the Fv1 nr allele has been deposited in GenBank under accession number AY294331. The sequence of the CA gene of the Gross passage A virus was determined from pGN104 DNA (accession number AY294332).
RESULTS
The study of viral escape mutants has shed considerable light on the relationships between viruses and their hosts (38, 54) . MLV variants that exhibit NR or NB tropism can be considered escape mutants. The identification of the sequence changes responsible for escape from Fv1 restriction might therefore be expected to provide valuable information on the interaction between Fv1 and its target on CA. With this consideration in mind, we set out to identify the specific changes allowing the generation of NR-or NB-tropic viruses.
Prior to starting this analysis, it was important to develop an assay for NR-tropic viruses. (12) . These observations are consistent with the proposition that the Ser3Phe mutation converts the Fv1 n genotype to Fv1 nr . Differences in the predicted protein products of these three alleles of Fv1 are shown in Fig. 1 .
To confirm that the phenotypic differences associated with the nr allele resulted from the substitution at position 352, we engineered this change into the Fv1 n delivery virus (see Materials and Methods). Figure 2 shows the restriction profiles associated with the three alleles of the Fv1 gene for N-and NR-tropic MLV. As expected, the Fv1 nr allele showed a clearcut effect, restricting N-AKV but not affecting the replication of an otherwise identical virus carrying the N-N114H change that is characteristic of NR-tropic AKR-L1 (24) .
CA sequence of naturally occurring viruses. It is well established that the primary viral determinants of N and B tropism map to amino acid 110 of CA (29) . However, a previous study showed that the introduction of the corresponding amino acid (Ala) from NB-tropic Mo-MLV did not give rise to an NBtropic virus (41) . In contrast, genetic studies pointed to the involvement of a linked amino acid at position 105 (11, 43) . Similarly, the only NR-tropic virus investigated thus far showed a modification at position 114 (24) . As a starting point for identifying amino acids that are responsible for changes in Fv1 tropism, we compared the sequences of four NB-tropic (Moloney, Rauscher, Friend, and AKR-B2NB) and two NRtropic (Gross and AKR-L1) MLVs with N-tropic (N-AKV) and B-tropic (B-AKV and MCF1233) viruses (Fig. 3) . These sequences have all been published (see the legend to Fig. 3 for references), with the exception of that of Gross virus. The Gross virus sequence was determined by sequencing the CA region of plasmid pGN104 (6) . An inspection of the data shown in this comparison confirms that changes at position 110 are not necessary for NR or NB tropism since both NR-tropic isolates and three of the four NB-tropic viruses are identical to N-AKV or B-AKV at this position. Second, it is clear that both NB and NR tropism can arise in multiple ways since no two isolates showed the same changes. Third, various isolates showed several changes in the vicinity of amino acid 110, raising the possibility that more than one CA determinant may play a role in the generation of NB-tropic viruses. To examine these effects in more detail, we introduced several of these changes, either singly or in combination, into tester viruses and examined their effects on Fv1 restriction. CA determinants of NR tropism. The NR tropism of the AKR-L1 virus is specified by amino acid 114 of CA. However, a second NR isolate, Gross virus, does not have this substitution but rather carries an N82D change (Fig. 3) . We introduced this substitution into N-AKV and confirmed that the resulting construct specified NR tropism (data not shown). We conclude that a substitution at amino acid 82 or 114 could convert N-tropic MLV to NR tropism. However, as dis- (5) . We decided to test whether our assay, which can accurately measure relatively small differences in virus restriction (4, 5) , would reveal any phenotypic differences between NB-tropic viruses from different sources. We made tester viruses by incorporating Mo-MLV or F-MLV CA and B-AKV CA with a mutation at position 105 to yield a CA identical to that of AKR-B2NB. These viruses were tested on M. dunni cells transduced with Fv1 n , Fv1 b , and Fv1 nr . Despite the sequence differences in their CA proteins, Mo-MLV and F-MLV yielded the same results, encountering no resistance with Fv1 n or Fv1 nr but partial inhibition with Fv1 b . In contrast, AKR-B2NB was not restricted by Fv1 b , and although it was unaffected by Fv1 n , it was fully restricted by Fv1 nr . Interestingly, attempts to introduce the same change at position 105 in N-AKV yielded little or no infectious virus, even though reverse transcriptase (RT)-positive virions were produced (data not shown).
We next wanted to identify the amino acids responsible for NB tropism in Mo-MLV. We set out to exchange amino acids that differed in the CA proteins of N-AKV and Mo-MLV, focusing on the region surrounding amino acid 110, with the aim of exchanging Fv1 tropism. The data for these constructs are summarized in Fig. 4 . In order to convert Mo-MLV to N tropism, we had to exchange three amino acids, at positions 82, 110, and 117. Reciprocal changes at the same positions in N-AKV yielded a virus that was similar, but not identical, to Mo-MLV. Single or double changes involving residues 82 and 117 tended to yield NR-tropic viruses, providing yet another way of converting N tropism to NR tropism. The results with constructs involving an Ala residue at position 110 were more complex, sometimes yielding a virus capable of being restricted by additional Fv1 alleles in a manner reminiscent of Ala substitutions at position 358 of Fv1 (4) . The addition of the position 82 change, but not the position 117 change, abolished this affect. Parallel experiments were performed to introduce Mo-MLV residues into B-AKV, with similar overall results, namely that although individual changes could give changes in the restriction pattern, changes at all three positions were required to give a Mo-MLV-like virus (Fig. 4) .
The amino acids determining the NB tropism of F-MLV were next addressed in a similar manner (Fig. 5) . The CA protein of F-MLV differs from that of N-AKV at positions 82, Positioning tropism determinants in a CA model. Our results and those of previous workers have identified several CA amino acids that can influence the interaction between Fv1 and incoming virions. Further interpretation of these data would be greatly facilitated by the existence of a crystal structure for a gammaretrovirus CA molecule. Unfortunately, although crystal structures of CA proteins from viruses representing three genera of retrovirus have been determined (8, 21, 26, 37) , the gammaretroviruses are not represented on this list. We therefore decided to model the Mo-MLV CA structure based on available structures and detailed sequence comparisons of different CA proteins.
A panel of related but clearly distinct gammaretroviral CAs were identified with the search program Quest (50) and aligned for secondary structure prediction with PsiPred 3 (23). The resulting alignment was then compared to the known CA structures by use of a multiple sequence threading program (51) , generating an ␣-carbon molecular model for MLV CA (52). The predicted structure for the N-terminal domain of N-AKV CA is shown in Fig. 6 . The positions of the amino acids which were shown to influence the interaction of Fv1 and CA (82, 92 to 95, 105, 110, 114, and 117) are indicated with arrows in Fig. 6 . They lie close to one another on the predicted exterior of CA, apparently defining a surface with which Fv1 might interact.
DISCUSSION
In this paper we have (i) molecularly characterized the Fv1 nr allele, (ii) identified several different amino acids in CA that affect the interaction with Fv1, (iii) shown that there are multiple routes to NR and NB tropism, and (iv) identified a potential Fv1 binding pocket in the N-terminal domain of CA. These observations will now be discussed in terms of the evolution of resistance to Fv1 restriction as well as the implications for the interaction between CA and Fv1-related molecules.
Previous studies have shown that a forced passage of Btropic MLV through Fv1 n cells in vitro rapidly leads to the isolation of an NB-tropic virus, whereas the passage of Ntropic MLV in Fv1 b cells does not (20, 34) . No reversal of tropism, i.e., N3B or B3N, was observed. The new virus has a characteristic change in its RNA fingerprint (13) resulting from a G-to-A substitution in T 1 oligonucleotide B (43) . This change yielded the NB-tropic B-D105N virus (11) . The failure to isolate an NB-tropic virus from N-MLV can now be rationalized by our observation that N-D105N has little or no biological activity. It should also be noted that the Q110E change to interconvert N-and B-tropic viruses requires two simultaneous nucleotide changes in order to give resistance to restriction, an event that would be rare compared to the single base change required for the D105N change. The failure to isolate other mutations in forced passage experiments (13) is perhaps surprising. It may well be that few, if any, single amino acid changes in CA can give rise to a virus that is both Fv1 unrestricted and fully replication competent. However, a detailed analysis of the effect of single amino acid changes in this region of CA on the growth rate is outside the scope of this paper.
This point is underscored by the structure of NB-tropic Mo-MLV, F-MLV, and Rauscher MLV (R-MLV). The three viruses were generated independently by the in vivo passage of cells or (presumably) N-tropic virus in Fv1 b mice (33, 36, 42) . Each has several amino acid changes compared to AKV. Did these changes arise by sequential point mutations or by recombination with endogenous proviruses? The near identity of the F-MLV and R-MLV CA sequences despite their independent origins is most simply explained by recombination with a single endogenous provirus. Sequence studies of cloned endogenous MLVs (A. Stevens and J. P. Stoye, unpublished data) as well as BLAST searches of the NCBI mouse genome assembly (release 32, February 2004) indicated that most, if not all, endogenous nonecotropic MLV proviruses carry determinants of B tropism. This analysis (J. P. Stoye, unpublished data) identified a potential donor on chromosome 5 for the B-tropic sequences of MCF1233, suggesting that tropism changes can occur in this way. No endogenous MLVs with CA sequences identical to those of Mo-MLV, F-MLV, or R-MLV CA were found, suggesting their derivation from AKV by a series of point mutations. However, there is considerable MLV polymorphism (14) between BALB/c mice, the strain in which the NB-tropic forms of both F-MLV and R-MLV are likely to have arisen (33, 42) , and sequenced C56BL/6 mice. Thus, recombination with an as yet unidentified provirus cannot be excluded. We have defined a series of amino acids in CA that affect Fv1 restriction. Based on our model of CA and by analogy with solved CA structures, these amino acids appear to lie close to one another in a region that is surface exposed and does not participate in CA-CA contacts (7, 30, 31) . It thus might represent a potential binding domain for Fv1, with specificity imposed by the various combinations of amino acids lining the pocket. Alternatively, these alterations might influence the structure of the exposed loops on the very surface of the CA molecule. In any event, some of the CA amino acids seem to play a major role in determining specificity. For example, no virus carrying an Arg residue at position 110 is restricted by Fv1 n unless the Lys at position 358 of Fv1 is changed to Ala (4). Similarly, the introduction of an Ala residue at CA position 110 can render MLV susceptible to Fv1 n restriction (Fig. 4) , provided that position 82 is not occupied by an Asp. It appears that the presence of positively charged amino acids at both CA position 110 and Fv1 position 358 is incompatible with a stable binding interaction. In contrast, other changes have no effect by themselves but have an effect in combination with other specific changes. Thus, the E92D change has no effect on MLV tropism unless it is accompanied by the VDA93IND alteration. A further explanation of such effects is dependent on obtaining detailed structures of Fv1 and MLV CA, which are subjects of intensive on-going investigation.
There is one major caveat to the foregoing discussion-it assumes a direct and specific interaction between Fv1 and CA. To date, we have been unable to demonstrate a direct and specific interaction. For example, yeast two-hybrid experiments have consistently failed to show an interaction between CA and Fv1 (unpublished data). However, the range of specific interactions that we have shown seems incompatible with a series of adapter molecules. We therefore assume that the precise structure of CA in a subviral particle is crucial in determining whether it can serve as a target for Fv1 restriction. Recent studies (M. Dodding, M. Bock, M. W. Yap, and J. P. Stoye, unpublished data) indicate that recognition by Fv1 is dependent on proper CA processing, and most probably, assembly.
It is tempting to speculate which regions of the CA proteins of other viruses interact with restricting molecules such as Lv1, which has phenotypic similarity to Fv1 (2, 9, 18, 49) . The region of CA affecting Fv1 binding runs from the end of helix 4 (amino acid 82) through the start of helix 7 (amino acid 117). We would therefore predict that Lv1 restriction of human immunodeficiency virus type 1 might be influenced by changes in CA from about amino acids 85 through 122. This region includes the cyclophilin binding domain (15) , which has already been implicated in Lv1 binding (27, 53) , but it also extends about 25 amino acids downstream. Experiments to test the importance of these residues are under way.
